Molecular typing techniques have been used in outbreak investigations. In this study, molecular typing techniques were used to track the spread of gram-negative rods (GNRs) in a neonatal intensive care unit (NICU) in the absence of an outbreak. Stool or rectal swab cultures for GNRs were obtained from all infants on admission, weekly, and on discharge. GNRs were tested for gentamicin susceptibility and were typed by contourclamped homogeneous electric field electrophoresis. Transmission of identical strains of GNRs among infants was noted. Shared strains were more gentamicin resistant compared with unique strains (53% vs. 10%; ). Infants first colonized when they were 11 week of age had more total days of antibiotic treatment P p .0001 and had a higher rate of acquiring a shared and gentamicin-resistant strain, compared with infants colonized earlier. Antibiotic use increases colonization of infants in the NICU with resistant and shared strains of GNRs.
colonization with environmental organisms while in the NICU. The 2 major modes of acquisition of microflora are the perinatal transfer of maternal vaginal flora to the infant (vertical transmission) and the acquisition of microflora after birth from an environmental or human source (horizontal transmission). With the survival of an increasing number of premature infants, the hospital stay of infants in the NICU has been longer; thus, the susceptibility for acquiring microflora postnatally from the NICU environment is greater [5] .
Nosocomial infections due to gram-negative rods (GNRs) are usually caused by bacterial strains that already colonize infants during their nursery stay [7, 8] . Because of the frequent use of antibiotics in the NICU, the risk of colonization with nosocomial strains of GNRs, which are often resistant to multiple antibiotics, increases dramatically the longer an infant stays in the NICU [9] .
Transmission of GNRs among infants in NICUs has been recognized during outbreak investigations [10, 11] . Relatedness of different strains of bacteria has been determined by specific serotyping, antibiotic sensitivity patterns, and more recently by genomic variation by using pulsedfield gel electrophoresis. However, the transmission of GNRs that colonize the respiratory or the gastrointestinal systems of infants in a nonepidemic situation has not been well characterized and may be the key to understanding the usual mode of spread of organisms in the NICU.
The present study was undertaken to characterize the transmission of strains of aerobic GNRs that colonize the intestinal tracts of infants in the NICU with contour-clamped homogenous field (CHEF) electrophoresis, a variant of pulsed-field gel electrophoresis. Emphasis was placed on the transmission of gentamicin-resistant strains, because gentamicin and ampicillin are used in our and other NICUs for the empiric treatment of sepsis [12] .
PATIENTS AND METHODS
The Yale NICU is a level 3 nursery specializing in the care of premature and otherwise sick newborns. There are 4 main rooms, each room serving р12 infants. Rooms 1 and 2 are intensive care nurseries, and rooms 3 and 4 are continuing-care nurseries for infants who do not require assisted ventilation, arterial blood gas monitoring, or blood pressure support. The average daily census is 44 infants. Two medical teams are assigned in the NICU; each team is composed of an attending neonatologist, 3 or 4 house staff, and a medical student. One team (team A) is responsible for covering rooms 1 and 3, and the other team (team B) is responsible for rooms 2 and 4. The nursing staff may be assigned to any room, according to NICU needs.
Empiric antibiotic treatment is given to infants who are suspected of having sepsis, depending on their risk factors and clinical conditions. The antibiotics most commonly used empirically in the nursery are ampicillin and gentamicin. Thirdgeneration cephalosporins are restricted and are mainly used for treating infections that are the result of antibiotic-resistant organisms and for treating meningitis. Previous studies in this NICU have demonstrated that 75% of newborns and 190% of very low birth weight infants were treated with antibiotics beginning in the first 48 h of life [13] . Other NICUs report similar use of antibiotics [14] .
We conducted a prospective surveillance study as part of nosocomial infection surveillance in the NICU at Yale-New Haven Hospital (YNHH). Stool or rectal swab cultures were obtained from all infants on admission, weekly, and on discharge (1 January to 31 March 1997). Specimens were collected with Culturette transport swabs (Becton Dickinson Microbiology System). The specimens were plated within hours on 5% sheep's blood agar (Remel) and MacConkey agar plates (Remel) and then were incubated at 37ЊC in ambient air for 48 h. Plates were examined after 24 and 48 h. All GNRs were isolated and identified by standard methods. All plates were examined, and 5 representative GNR colonies of predominate morphologies were speciated and were tested for gentamicin susceptibility by disc diffusion on Mueller-Hinton agar plates (Remel), according to National Committee for Clinical Laboratory Standards guidelines [15] . Selective media were not employed, so that gram-positive and GNR colonization could be detected and gentamicin-susceptible and -nonsusceptible stains could be isolated.
In the last week of the surveillance study, hand pool cultures were obtained from the NICU staff. Groups of 4 or 5 staff members were asked to rinse their hands in 1 L of brain-heart infusion broth (Remel) containing 10 mg/mL of vancomycin. Five hand pools were obtained on the same day. The broth was incubated at 37ЊC in ambient air for 24 h, and then were subcultured to 5% sheep's blood agar and MacConkey agar plates and incubated for 24 h. GNRs were isolated and were tested for gentamicin susceptibility, as described above. Environmental cultures from NICU surfaces that are often in contact with staff hands were cultured (2.54 cm 2 [the approximate area that would be in contact with fingertips on a surface]) with moistened Culturette transport swabs. The specimens were plated and were evaluated in the same manner as the patient surveillance cultures.
Strain relatedness of all GNRs was determined with CHEF. Genomic DNA was prepared according to previously described methods [16] , digested with SpeI and XbaI (Boehringer Mannheim), and separated by electrophoresis with either a CHEF-DR II or CHEF-DR III apparatus (Bio-Rad). The following parameters were used: temperature, 15ЊC; run time, 18 h; switch time, 1-20 s; and voltage, 198 V (CHEF-DR II) or 5.6 V/cm (CHEF-DR III).
The pattern of DNA fragments for each GNR isolated was compared with others of the same bacterial species independently by 2 investigators. Patterns that were distinctly different from each other (13 bands different) in the same subspecies were considered to be unrelated and were defined as unique. Patterns that were identical or differed from each other by р3 fragments were considered to be same strains and were defined as shared [17] . The most frequently isolated shared strain of each species was designated as 1, the next most common as 2, etc.
Infants were monitored for antibiotic use and GNR infections during the study period. Antibiotic use data were collected from nursing sheets and were confirmed by computerized pharmacy data. All computations were performed by using Epi Info software (version 6.0; Centers for Disease Control and Prevention). Tests of significance were performed with x 2 or Student's t test where appropriate. All significance tests were 2-tailed, and was considered significant. For the determination of the P ! .05 contribution of certain risk factors among birth weight, length of stay, intubation, and length of antibiotic treatment, analysis of variance (ANOVA) was used. 
RESULTS

General.
During the study period, 561 stool or rectal swab cultures were obtained from 239 infants; 115 (49%) were girls and 124 (51%) were boys. Infants' ages were 0-121 days at the time of initial culturing (mean, 5.87 days; median, 2 days). Fifty-five (23%) infants had a gestational age of 24-29 weeks, 103 (43%) had a gestational age of 30-36 weeks, and 81 (34%) had a gestational age of 136 weeks. Data on birth weight were available for 219 infants; weights ranged from 465 to 4930 g (mean, 2698 g; median, 2870 g). Twenty-two infants (10.1%) weighed 450-1000 g, 13 (5.9%) weighed 1001-1500 g, 24 (11%) weighed 1501-2000 g, 29 (13.2%) weighed 2001-2500 g, and 131 (59.9%) weighed 12500 g. Ninety-one (42%) infants received antibiotics during their NICU stay. Sixty-three percent of those who weighed !2500 g received antibiotics, and 87% of them received antibiotics for 172 h (table 1) .
Culture results. A total of 561 sequential rectal swab cultures were analyzed during the study period; 117 cultures (21%) had no growth of aerobic gram-positive or gram-negative bacteria, and 127 (23%) had growth of aerobic gram-positive bacterial but no growth of GNRs. Three hundred seventeen cultures (56%) grew GNRs. The percentage of cultures that grew GNRs increased linearly with infant age (figure 1).
For data analysis, only the first isolate of each species was included in the calculation. Among the 317 cultures that grew GNRs, 145 (45%) had 11 species of GNR present, yielding 484 GNR isolates. The species identified were as follows: Klebsiella species, 184 cultures (38%); Escherichia coli, 151 (31%); Enterobacter species, 74 (15%); Citrobacter species, 46 (10%); Pseudomonas aeruginosa, 14 (3%); Serratia marcescens, 12 (2%); and others, 3 (1%). Overall, 417 (86%) of the GNRs isolated were susceptible to gentamicin, and 67 (14%) were not susceptible to gentamicin. Contour-clamped homogenous field pattern of genomic DNA of gram-negative rods (GNRs) isolated from hand pools and infants, digested with SpeI. Lanes 1, 9, and 13, Lambda markers; lanes 2-5, identical strains of Serratia marcescens isolated from 1 hand pool and 3 infants; lanes 6-8, another strain of S. marcescens isolated from another hand pool and 2 infants; and lanes 10-12, identical Enterobacter cloacae strains isolated from a hand pool and 2 infants. Hand and environmental cultures. All 5 hand pools grew у1 species of GNR. The GNRs isolated included 1 strain each of Acinetobacter baumannii, Klebsiella pneumoniae, Klebsiella oxytoca, Enterobacter cloacae, Enterobacter aerogenes, and 2 of S. marcescens. All 7 isolates were susceptible to gentamicin. The E. cloacae isolate was a strain shared with 2 infants. One S. marcescens isolate was shared with 3 infants, and the other was shared with 2 infants (figure 2). GNRs were not isolated from any of the environmental cultures.
Genotyping results. CHEF typing was performed on all GNRs. There were 70 different strains of Klebsiella species, 47 of E. coli, 39 of Enterobacter species, 18 of Citrobacter species, 6 of P. aeruginosa, and 5 of S. marcescens. Some GNR species had proportionally more shared strains than did other species. For example, 40% of the Serratia isolates were shared strains, whereas only 11% of the Citrobacter isolates were shared strains. Overall, 53% of the shared strains were gentamicin resistant, compared with 10% of the unique strains (  ; table 2 ). P p .0001 Pattern of spread. Transmission of identical strains of GNRs among infants over time was demonstrated in all species. The patterns of spread of E. coli and K. pneumoniae are presented, because they were the most commonly encountered species. Of the 10 shared strain types of E. coli, 5 were from 13 infants within the rooms of team A only. Three other strain types were found among 15 infants within the rooms of team B only. Two strains were shared among 14 infants in all 4 rooms. Strain 1, the most frequently isolated E. coli strain, was found in 9 infants, all within the rooms of team A. Strain 2, which was isolated from 8 infants, was found mainly within the rooms of team A (6 in A and 2 in B). Strain 3, which was isolated from 5 infants, was found only within the rooms covered by team B.
Similarly, 14 shared strains of K. pneumoniae colonized 49 infants during the study period. Strain 1, isolated from 11 infants, was found within the rooms of team B only. Strain 2, isolated from 5 infants, was found within the rooms of team A only. This suggests that the medical team may have had a role in the spread of E. coli and K. pneumoniae. The pattern of transmission of each shared strain of E. coli or K. pneumoniae in each room was distinct (figure 3). Some strains were transmitted from infant to infant in a stepwise pattern. Some demonstrated continuous transmission throughout the study period, whereas some strains were transmitted from infant to infant during a short period of the study and then disappeared.
Effect of antibiotics on colonization. The age of acqui- sition of GNRs was determined for 89 infants in whom GNRs were not isolated initially but were on a subsequent culture. Forty-eight infants acquired GNRs in the first week of life (early acquisition), and 41 infants acquired GNRs after the first week of life (late acquisition). The number of days to the first acquisition of GNRs was 1-49 days (mean, 9.6 days). We looked at the influence of antibiotic use and other risk factors that were present before the onset of colonization. As a group, infants with early acquisition of GNRs received significantly fewer days of treatment with any antibiotic and with each of the following antibiotics: ampicillin, gentamicin, and vancomycin. Six percent of infants in the early-acquisition group acquired gentamicin-resistant GNRs, compared with 25% of the late-acquisition group ( ). Thirty-three per-P p .015 cent of the early-acquisition group acquired a shared GNR strain, compared with 60% of the late-acquisition group ( ) . P p .05
In order to determine whether there were factors other than length of antibiotic treatment that influenced time to first GNR colonization, we looked at the correlation between a number of risk factors and both colonization and antibiotic use. As would be expected, birth weight and gestational age were highly correlated ( ; ). There was a similar significant r p .926 P ! .01 inverse correlation between total number of days of antibiotic use and both birth weight ( ; ) and gestational r p Ϫ.482 P ! .01 age ( ; ). On the basis of these results, birth r p Ϫ.326 P ! .01 weight was selected as an appropriate measure of risk.
Lower birth weight and late colonization were highly correlated ( ; ). There was an insufficient number r p Ϫ.449 P ! .01 of intubated babies to evaluate a correlation of intubation with antibiotic use or antibiotic resistance of GNR. There was a high correlation between length of stay and both number of days of antibiotic treatment ( ; ) and late colonization r p .671 P ! .01 ( ; ), but this may have been confounded by r p .587 P ! .01 lower birth weight babies having a longer length of stay.
We used ANOVA models to evaluate multiple factors; we found that neither birth weight nor days of antibiotic therapy alone correlated with late colonization (table 3, models 1 and 2), but together they predicted late colonization (table 3, model  3) . Therefore, it appeared that the 3 major risk factors-low birth weight, amount of antibiotic use, and increased length of stay-were associated with late colonization. Late colonization, as shown above, was associated with shared strains and with the existence of more likely gentamicin-nonsusceptible strains of GNRs than early colonization, which was associated with unique and gentamicin-susceptible strains.
Clinical infections. During the study period, there were 10 infants with E. coli clinical infections and 4 infected with (table 4) .
DISCUSSION
The principal reservoir of GNRs in hospitalized infants in the NICU is the intestinal tract [9] . In many GNR outbreaks, the stools of colonized infants have been the reservoir for the continued dissemination of the outbreak strain [11] . Presumably the vehicles carrying these strains from infant to infant are inanimate objects and the contaminated hands of health care personnel.
Periodic stool surveillance cultures detect the type of organisms present in the NICU. However, many experts do not recommend routine surveillance. They propose that surveillance should be directed to investigating outbreaks of nosocomial infections rather than colonization [18] . Others, believing colonization is a prerequisite for infection, recommend culturing samples from all infants who remain in the NICU for 1 week or longer to detect the appearance of antibiotic-resistant GNRs [19] . These studies suggest that obtaining cultures from older NICU infants may be valuable. This can be useful for detecting reservoirs of potentially pathogenic or antibiotic-resistant species, as well as for creating cohorts when there are outbreaks of disease.
The results of this study were presented to the NICU staff and resulted in more emphasis on routine handwashing; changes in the availability of handwashing areas; policy changes resulting in better separation of clean and dirty functions in individual rooms; removal of charts from clean areas; and more hygienic handling of used diapers. Follow-up surveillance studies are planned.
No prospective studies have demonstrated the spread of clonally related and antibiotic resistant GNRs in the NICU in a nonepidemic setting. DNA typing techniques provide a tool for investigating outbreaks, as well as endemic transmission of organisms in NICUs. By fashioning a prospective sequential surveillance methodology, we demonstrated the interplay of how antibiotic use influences the acquisition of GNRs and how this influences the emergence of antibiotic-resistant strains.
The rate of colonization with GNRs increased with infant age. By 2 weeks of age, almost all infants who remained in the NICU were colonized with GNRs. Most infants were colonized with Enterobacteriaceae, primarily E. coli, Klebsiella, Enterobacter, and Citrobacter. This has been demonstrated by others and is considered to be a normal pattern of acquisition [9, 20] . However, some infants were colonized with organisms that commonly cause nosocomial infections such as Serratia and P. aeruginosa, but the percentage was low (2% and 3%, respectively). Although these species were detected by surveillance cultures, we detected no invasive infections caused by these GNRs. Thus, their presence in the unit would not normally have been recognized. All the GNR infections during the study period were caused by E. coli and Klebsiella species, which were the 2 most common pathogens colonizing the infants' gastrointestinal tracts.
An important finding in this study was the pattern of spread of strains of GNRs among infants in the same room. The finding of specific strains associated with certain rooms or teams makes it unlikely that there was a common source of contamination in the common areas, such as the delivery or resuscitation rooms. It was evident that certain strains of GNRs that were shared among infants were circulating in the 2 rooms in which medical care was provided by a single medical team. Some strains appeared to spread in a stepwise pattern, in which a new infant or infants each week became colonized with the same strain that previously colonized an infant who was discharged when cultures of new infants were obtained. Some strains were present throughout the study period and demonstrated continuous transmission from infant to infant, whereas others were present for only a short period of time. This suggests that some infants who reside in the NICU for extended periods may act as reservoirs for GNRs and transmit them to infants admitted to the same room.
The exact mode of transmission of GNRs from infant to infant was not proven. However, the isolation of GNRs from all 5 hand pools of clinical personnel, many shared with infants, suggests that hand carriage, possibly due to inadequate handwashing, is an important mode of transmission, although it may be transient colonization. Transmission occurs readily because colonized infants generally excrete у10 8 GNRs per gram of stool [21] , and NICU staff may neglect to sufficiently wash contaminated hands after every infant contact. The absence of GNRs from all the environmental cultures obtained during the study period argues against a common environmental reservoir for these shared strains. Frequent changes of the position of isolettes within each of the rooms made the analysis of crosscolonization by position of the infants in each room and proximity to possible disseminators impossible.
In this study, 14% of all GNRs isolated were resistant to gentamicin, which is higher than the rate of gentamicin-resistant GNRs at YNHH (4.4%). However, the figure for YNHH is based on tests of clinical specimens submitted to the diagnostic laboratory and not on active surveillance, as was done in this study. In our study, 21% of all GNRs were a shared type, and each shared strain colonized from 2 to 14 infants. Most important is the finding that 53% of the shared strains were gentamicin resistant, compared with 10% of the unique strains. This indicates that the GNRs that spread among infants in the NICU are more likely to be gentamicin-resistant strains.
It should be noted that initial isolation of organisms was on media that did not contain antibiotics. It is possible that by using gentamicin-containing media, additional specimens containing a very low concentration of gentamicin-resistant GNRs may have been isolated.
The level of antibiotic use was similar to that previously published from this NICU but was somewhat lower because of the inclusion of many older gestational age infants admitted for a short stay [13] . Infants colonized late during their NICU stay had more days of antibiotic therapy and had a higher rate of acquiring a shared and gentamicin-resistant strain versus infants who were colonized early in their hospitalization. Antibiotic treatment may affect the ecology of GNR colonization by delaying the time of acquisition of GNRs. Once antibiotics are discontinued, these infants, who have had suppression of acquisition of normal flora, lack "colonization resistance" and are at risk of acquiring a nosocomial strain of GNR, which is more likely to be resistant to drug therapy. Also, antibiotic treatment selects for resistant organisms that are already present in the gastrointestinal tract in small inocula.
There were 10 E. coli infections and 4 K. pneumoniae infections. Colonization preceded infection in all infants. Infections were caused by the colonizing strain type except in 2 cases, in which the infection was caused by a different strain type. Clinical infections were most likely to be caused by shared and resistant strains. Thus colonization was an important predictor of the type of organism that subsequently led to clinical infection.
This study demonstrates the interplay of antibiotic use, antibiotic resistance, and the spread of nosocomial GNRs in the NICU setting. Although infectious disease specialists have appealed for judicious use of antibiotics, studies such as this concretely demonstrate the undesirable side effects of antibiotic use on a population. The NICU is an ideal place to study this interplay because of the high density of antibiotic use and a population that is at high risk of exogenous acquisition of organisms that leads to colonization and, in some cases, infection because they lack enteric flora. Clearly, antibiotic-resistant GNRs have a selective advantage in this environment.
